To compare estimates of fat mass (FM), fat-free mass (FFM) and percentage body fat (%fat) by six different methods in prepubertal girls. DESIGN: Cross-sectional study. SUBJECTS: Normal-weight, multi-ethnic, prepubertal girls (age ¼ 8.5 AE 0.4 y, n ¼ 101). MEASUREMENTS: Body composition was measured in each child by anthropometry (skinfold thickness using Slaughter equation), dual-energy X-ray absorptiometry (DXA), total body potassium (TBK), isotope dilution for total body water measurement (TBW), multifrequency bioelectrical impedance spectroscopy (BIS), and total body electrical conductivity (TOBEC). RESULTS: TOBEC and skinfold thickness yielded the lowest values of FM followed by DXA, TBK, TBW and BIS, with BIS giving the highest value of FM. All methods were significantly different for FFM, FM and %fat (P < 0.001), except FFM by DXA and TBK. The Bland -Altman limits of agreement among the methods reveal that they are not directly interchangeable for FM, FFM, or %fat. The largest mean difference for FM was between TOBEC and BIS (72.90 kg), whereas the smallest mean difference was between TOBEC and skinfold thickness (70.14 kg). For FFM, the largest mean difference was also between TOBEC and BIS (2.83 kg), but the smallest mean difference for FFM was between DXA and TBK (70.03 kg). For %fat, the mean differences were larger, 710.5% for TOBEC and BIS and þ 9.7% for skinfold thickness and BIS. The closest two techniques for %fat were TOBEC and skinfold thickness (mean difference of 70.62%) and DXA and TBK (71.81%). CONCLUSIONS: We found that estimates of body composition in prepubertal 8-y-old girls are highly method-dependent and that the six methods studied (DXA, TBK, TBW, TOBEC, BIS and anthropometry) are not directly interchangeable.
Introduction
Precise measures of body composition are needed in studies of obesity and other nutritional disorders, or for standardization of physiological parameters, such as basal metabolic rate. Body composition methods including dual-energy Xray absorptiometry (DXA), total body potassium (TBK), isotope dilution for total body water (TBW), total body electrical conductivity (TOBEC), bioelectrical impedance spectroscopy (BIS), and anthropometry vary in their accuracy, complexity, cost and availability. For measurements in children, anthropometry, BIS and TOBEC are considered the simplest and quickest methods. In addition, BIS is becoming more widely used, and is a relatively inexpensive technique compared to other more sophisticated methods. DXA has also become an increasingly popular measure of body composition in children because it utilizes a three-compartment model, is relatively quick, has a low radiation dose, has been cross-validated using pig carcass analysis, 1, 2 and is highly reproducible in prepubertal girls. 3 TBK is considered a very precise measure of lean body mass, yet DXA, TBK, TOBEC and TBW are generally limited to very specialized research settings due to their cost and need for sophisticated equipment. Most investigators have access to only one technique.
Given the rising incidence of obesity in children 4 and therefore the importance of measuring body fatness, there is a need for cross-method comparison and validation. Comparisons among body composition methods have been made in both children 5 -10 and adults. 11, 12 In children, it has been suggested that DXA, BIS and anthropometry should not be used interchangeably when estimating percentage fat mass. 7 A generally low agreement was reported between estimates of percentage body fat based on the four compartment model and estimates based on DXA, skinfolds or BIS. 8 Comparing body fat in children and young adults by DXA, BIS and TOBEC, Ellis 5 reported that fatness classification of the subject as either normal or overweight=obese was highly method-dependent. Relatively few studies have compared more than two or three methods, and it is still unclear which method is the most suitable for prepubertal girls. Therefore, the purpose of this study was to compare estimates of fat mass (FM), fat-free mass (FFM) and percentage fat (%fat) by six different methods, namely anthropometry, BIS, TOBEC, DXA, TBK and TBW in prepubertal girls.
Methods
Subjects Healthy, normal weight-for-height, prepubertal girls (n ¼ 101) were recruited from the local Houston metropolitan area to participate in the study. All children were in the age range 8 -9 y with a %fat value within 12 -30%. Children with cardiovascular disease, anemia, diabetes, significant renal or hepatic disease, hypothyroidism and musculoskeletal problems were excluded. All children and their parents provided written informed consent to participate in this study, which was approved by the Institutional Review Board for Human Subject Research for Baylor College of Medicine and Affiliated Hospitals.
Study protocol
All procedures were completed at the USDA=ARS Children's Nutrition Research Center. Body weight, height, skinfolds and composition by DXA, TBK, TOBEC and BIS of the children were measured on the first visit. Body mass index (BMI, weight (kg)=height 2 (m)), was calculated. The children were admitted on a later date to the Metabolic Research Unit. Each girl was given an oral dose of 18 O as part of a mixture of doubly labeled water for determination of TBW.
Anthropometry
Body weight was measured to the nearest 0.1 kg using a digital balance (Scale-Tronix, Dallas, TX) and height was measured to the nearest 1 cm using a stadiometer (Holtain Ltd, Crymmych, UK). Skinfolds of the biceps, triceps, subscapular, suprailiac, waist and thigh were taken in duplicate using Lange skinfold calipers. Circumferences of the waist and hip were also taken in duplicate. Percentage body fat for the girls was calculated from the Slaughter et al 13 Bioelectrical impedance spectroscopy Whole-body BIS measurements were performed using a commercial instrument (Xitron 4000B, Xitron Technologies, San Diego, CA). A detailed description of the electrical circuit model and the mixture theory model used with this instrument has been published by De Lorenzo et al.
14 All measurements were performed in accordance with the manufacturer's instruction manual. For the measurement of a subject, one set of electrodes was attached at the wrist and a second set was placed at the ankle on the left side of the body. All measurements were performed immediately after completing the DXA measurement to comply with the requirement that the subject be in a supine position for about 10 min. Body composition values were obtained using the instrument's software without modification. For the BIS measurement, total body water (V tbw ), was defined as
Repeat measurements in our laboratory over 2 days in six subjects indicated precisions better than 2 -3% for the R i and R e resistance values. The default values for the calibration constants (k ecf and k r ) supplied with the instrument were used. The child lay supine on the bed and was scanned from head to toe in 10 -15 min. DXA allows for determination of three compartments: lean tissue mass (LTM), FM, and bone mineral content (BMC). FFM is defined as the sum of LTM and BMC.
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Total body potassium TBK was measured using a low-background, multi-detector whole-body counter as described previously. 15 40 K, a radioactive isotope, is an intrinsic trace amount (0.012%) of body potassium. It decays, emitting a 1.46 MeV gamma-ray that can be detected external to the body. For the weight range examined in this study, the precision for the TBK measurement is 1 -2%. 15 The ratio between TBK and FFM changes from birth to adulthood. 16 -18 For the ages examined in this study, the TBK=FFM ratio for girls is 59.9 mEq=kg.
Isotope dilution
As part of the total energy expenditure study, TBW was calculated from the fractional turnover rates of 18 O following oral ingestion (100 mg=kg 2 H 2 O and 125 mg=kg 18 O as water). The isotope dilution model was used to compute TBW with a correction of 1% for overexpansion is used for the 18 O tracer. 19 Baseline urine samples were collected from each child. She was then given the oral dose of 18 O as part of the doubly labeled water mixture. Subsequently, one daily urine sample was collected by each subject at home for the next 13 days. The 18 O abundances of the urine samples were measured by gas-isotope-ratio mass spectrometry as previously described. 20 TBW was calculated as follows:
3 where d is the dose of H 2
18
O in grams; A is the amount of laboratory water in grams used in the dose dilution; a is the amount of H 2 18 O in grams added to the laboratory water in the dose dilution; E d is the rise in 18 O abundance in parts per thousand (%) in the laboratory water after the addition of the isotopic water; and E d is the rise in 18 O abundance in (%) in the post-dose plasma sample. The hydration factor used was 77.15%.
Statistical analysis
Data are presented as means AE s.d. Microsoft Access for Windows 95 (Version 7.0, Microsoft, Seattle, WA) was used for database management. Statistical analyses were performed using Minitab for Windows (Version 12.2, State College, PA) with significance set at P < 0.05. Linear regressions were calculated for FM for each pair of the methods. The r 2 and standard error of the estimate (s.e.e.) were determined. Analysis of variance followed by paired t-tests were used to compare FM, FFM, and %fat among the six different methods. Bland -Altman analysis 21 was used to test for bias (mean difference) and limits of agreement among all the methods. Stepwise multiple regression analysis was used to determine which anthropometric variables (weight, height, BMI, skinfold measures, and waist and hip circumferences) provided the best estimate of fat mass by DXA.
Results

Subject characteristics
The sample size consisted of 101 prepubertal girls (52 Caucasian, 30 African-American, 19 Hispanic). Weight, height, BMI and tricep, subscapular, suprailiac, abdominal and thigh skinfold thickness, and waist and hip circumferences are presented for the children (Table 1) .
Body composition methods comparisons
Body composition (FM, FFM and %fat) for the TOBEC, skinfold thickness (SF), DXA, TBK, TBW and BIS methods are presented in Table 2 . All methods were significantly different from one another (P < 0.001), except FFM by DXA and TBK. TOBEC and SF yielded the lowest values of FM followed by DXA, TBK, TBW and BIS, with BIS giving the highest value of FM.
For FFM, the two methods with the highest agreement were DXA and TBK; the mean difference was 0.026 AE 0.79 kg. Conversely to FM, FFM by TOBEC and SF yielded the highest values, compared to the lowest value observed with BIS.
The results for the %fat values ranged from the lowest mean value of 18.9% for TOBEC to the highest value at 29.2% for the BIS assessment. The other methods fell within this large range, in the same order as with FM.
Linear regressions. Linear regressions were calculated for fat mass for each pair of methods ( Table 3 ). The r 2 values Limits of agreement. Mean differences and limits of agreement were calculated according to Bland -Altman procedures. 21 The wide limits of agreement among the six methods reveal that the majority of the methods are not directly interchangeable for either FM, FFM, or %fat ( Table  4 ). The largest mean difference for FM was between TOBEC and BIS (72.90 kg), whereas the smallest mean difference was between TOBEC and SF (70.14 kg). Limits of agreement in the children for FM between DXA and the other methods are 72.5 -1.19 kg between DXA and TBK, 73.4 -0.9 kg between DXA and TBW, 71.2 -2.4 kg between DXA and TOBEC, 74.4 to 70.10 kg between DXA and BIS, and 71.1 -2.0 kg between DXA and SF. Other limits of agreement for FM among the other methods can be calculated from Table 4 .
The limits of agreement for FFM between DXA and the other five methods, TBK and the four other methods, TBW and the other three methods, etc. are shown in Table 4 . The smallest mean difference was between DXA and TBK Body composition methods in girls MS Treuth et al For %fat, large mean differences were observed between TOBEC and BIS (710.5%) and between SF and BIS ( þ 9.7%). The closest two techniques were TOBEC and SF (bias of 70.62%, Figure 1 ) and DXA and TBK (71.81%, Figure 2) . The Bland -Altman plots for percentage body fat illustrate the mean difference and fairly large limits of agreement for TOBEC and SF (2 s.d. ¼ 6.75%, Figure 1) , and for DXA and TBK (2 s.d. ¼ 6.33%, Figure 2 ). The only other comparison that had a relatively low mean difference was between TBK and TBW (72.26%, Figure 3 ), but it also had large limits of agreement (2 s.d. ¼ 9.53%). Several comparisons between methods gave a very large mean difference, eg TBW and BIS 710.5%.
Prediction of fat mass.
In stepwise regression analysis (refer to Table 5 ), DXA fat mass for the child was predicted from weight and suprailiac, triceps, subscapular and thigh skinfolds with an r 2 of 0.89 (s.e.e. ¼ 0.69 kg). With just weight alone, DXA fat mass could be predicted with an r 2 of 0.75. Addition of just one skinfold site (suprailiac) raised the r 2 to 0.84. Adding the next three skinfold sites, in the order subscapular, triceps and thigh, only raised the r 2 by 0.05.
Discussion
In this study, we compared estimates of body composition of children with normal weight-for-height. We found that individual estimates for body composition were highly method-dependent, and that the six methods studied (DXA, TBK, TBW, TOBEC, BIS and anthropometry) are generally not interchangeable. When considering the bias among methods for FM, FFM and %fat, TOBEC and anthropometry were the most similar. The bias between DXA and TBK indicated that they were the next two most similar methods. The highest bias and poorest limits of agreement were between TOBEC and BIS. It is somewhat surprising that TOBEC is involved in both the best and worst cases. Regardless, the six methods were different from each other and in many cases the limits of agreement would be considered high.
Many investigators do not readily have access to some of the techniques studied here. Anthropometry is the most widely used method and therefore we used the Slaughter et al equation 13 to predict FM, FFM and %fat since it requires only two anthropometric measures. It appeared to do fairly well in terms of the mean differences (70.62% with TOBEC and 2.30% with DXA). In terms of FM, the Slaughter Body composition methods in girls MS Treuth et al prediction equation explained 69% of the variance in the DXA fat mass. Using only two skinfold measures to estimate body composition also gave a high bias of 9.7% and high limits of agreement of 9.2% body fatness with BIA (Table 4) . Roemmich et al 8 reported that the skinfold equations of Slaughter et al 13 did not agree well with their four-component model in children and recommended further refinement of these equations. Thus, in our case, the Slaughter prediction equation appeared to do fairly well in predicting fat mass in comparison to the other methods for prepubertal, multi-ethnic girls. Therefore, even though many studies have utilized the Slaughter et al equations, 13 it appears that there can be good agreement in some cases, but not in others.
Only limited comparisons of TBK-based estimates have been made with other methods in children. In our study, TBK and DXA were fairly close in terms of the mean difference and limits of agreement for %fat, as illustrated in Figure  2 . A mean difference of 1.81% was found between these two measures. In contrast to our study, TBK predicted body composition for obese women with the least accuracy and agreement compared to DXA, TBW and hydrodensitometry. 22 In another study, the correlation between DXA and TBK for %fat was 0.74 in 389 Caucasian adults. 23 Neither of these studies have the precision for TBK as that of the wholebody counter used in the present study. 15 Several studies have compared DXA to BIS. 5, 7, 10 Our limits of agreement between DXA and BIS were AE 7.6% for %fat (refer to Table 4 ). Comparing DXA to BIS in 9 to 11-y-old children, the limits of agreement were 77.2% -12.1% for percentage body fat. 7 Compared to the four-component criterion method, Houtkeeper's BIA equation underestimated %fat in prepubertal and early-pubertal girls, whereas DXA tended to overestimate %fat. 8 A very poor agreement between the four-component model and both DXA and BIS was reported. 8 These authors also suggested that DXA not be used as a criterion method, since a higher %fat was found than their criterion with the four-component model. In contrast, relative to the four-component model, DXA and isotope dilution showed no mean bias for fatness in children 8 -12 y. 10 In a study comparing BIS, TOBEC and DXA in children and young adults, the difference between methods for fat mass ranged from 70.3 AE 6.7 to 4.2 AE 2.7 kg. 5 Our difference between these same three methods for fat mass would be 72.9 AE 2.4 to 0.64 AE 1.80 kg. The actual range for both these studies is quite large, thus pointing to the lack of direct interchangeability between these three methods. In addition, most studies are reporting quite wide limits of agreement for clinical use.
Often investigators may want to have an equation to estimate fat mass that applies to their particular population. We therefore have provided equations to predict fat mass of prepubertal girls using different methods with DXA as the criterion method (refer to Table 5 ). Our only rationale for using DXA as the criterion method was that there is really no one true gold standard for measurement of body composition in children of this age. A four-compartment or a threecompartment model, in theory, is likely to be better, but we did not complete the hydrodensitometry measurements in these young girls and the cumulative errors may limit these models. Using only weight and four skinfold measures, we could predict %fat with an r 2 ¼ 0.89 and s.e.e. of 0.69 kg. In another study, fat mass by DXA was also (r 2 ¼ 0.91) predicted in children 4 -10 y of age using weight, two skinfold measures, gender and height 2 =resistance. 6 However, that model may be limited because a correction factor based on a validation study with pig carcasses was first applied to the DXA data. It is to be noted that our equation is limited to prepubertal girls, and different coefficients for the equations may be needed for boys or older children. Our equation may be improved by including other variables in the prediction model to reduce the remaining variance, but this is usually offset by the increasing cumulative error, such that there is no improvement in the s.e.e. One problem is that DXA machines of different manufacturers and even the same manufacturer can yield slightly different results. 24, 25 Because of this, it may be necessary to standardize other DXA models with the other methods tested in this study.
In conclusion, we found that body composition is highly method dependent, and that the six methods studied (DXA, TBK, TBW, TOBEC, BIS and anthropometry) are generally not directly interchangeable. This study enrolled only children who were of normal weight-for-height and between 12 and 30% body fat. It is highly possible that inclusion of obese or underweight children may have influenced our findings. These girls are part of a longitudinal study examining the predictors of weight and fat gain; therefore, we could not enroll obese children. Given the importance of the increasing incidence of obesity in children, further efforts to establish a 'gold standard' for body composition in children is needed. Although the direct comparison among methods was poor, this does not preclude any one method for studying body composition when a treatment group and control group are followed with the same measurement technique.
